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Animal studies. Animal studies were approved by the Institutional Animal Care and Use 

Committee of The University of Texas, MD Anderson Cancer Center, which is accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care. >12-weeks old 

C57BL/6 male mice were purchased from the Department of Experimental Radiation Oncology, 

M.D. Anderson Cancer Center; C57BL/6-Tg (UBC-GFP) 30Scha/J were from Jackson Lab. Mice 

were housed with a maximum of 5 animals per cage in a state-of-the-art, air-conditioned, specific-

pathogen–free animal facility and all procedures were performed in accordance with the NIH 

Policy on Humane Care and Use of Laboratory Animals. Treatments and retro-orbital bleeds were 

performed on mice under general anesthesia (isoflurane). Animals were observed daily and 

examined by a veterinarian 5 days/week for signs of morbidity (e.g. matted fur, weight loss, limited 

ambulation, and respiratory difficulty). In case of discomfort, the animals were euthanized by 

asphyxiation with carbon dioxide gas followed by cervical dislocation, consistent with the 

recommendations of the Panel on Euthanasia of the American Veterinary Medical Association. 

 

 

Single-cell library preparation and sequencing. Bone marrow was collected at d0, d4, d11, 

d40 from 223Ra treatment. After sorting for CD117+ cells from 3 mice/timepoint, each timepoint 

was tagged with oligo-tagged antibodies to uniquely label cells from distinct samples 

(https://cite-seq.com/cell-hashing/). Samples were pooled and single-cell RNA-seq libraries 

were prepared using Single Cell 3′ Reagent Kits v.2: Chromium Single Cell 3′ Library & Gel 

Bead Kit v.2, PN-120237; Single Cell 3′ Chip Kit v.2 PN-120236; and i7 Multiplex Kit PN-120262 

(10x Genomics) following the Single Cell 3′ Reagent Kits v.2 User Guide (Manual Part no. 

CG00052 Rev A). Libraries were run on an Illumina NovaSeq 6000 system as 150-bp paired-

end reads, one full lane per sample.  

Single-cell sequencing analysis. Sequencing results were demultiplexed and converted to 

FASTQ format using Illumina bcl2fastq software. The Cell Ranger Single-Cell Software Suite 

https://cite-seq.com/cell-hashing/


THE JOURNAL OF NUCLEAR MEDICINE • Vol. 63 • No. 10 • October 2022  Parlani et al. 

 

(https://support.10xgenomics.com/single-cell-gene-expression/ software/pipelines/latest/what-is-

cell-ranger) was used to perform sample demultiplexing, barcode processing and single-cell 3′ 

gene counting.  

We calculated the average expression levels of all genes across all cells of each cluster and used 

the gene set variation analysis package (XX) to determine cluster- level gene set enrichment 

scores of the relevant gene signatures. The scores were computed with the single-sample Gene 

Set Enrichment Analysis method (YY) The scores were normalized by the absolute difference 

between the minimum and the maximum, and plotted in a heatmap.  

Bone harvesting and processing. Mice were euthanized and tibias removed at different time 

points: day 0 (before starting the treatment), 4, 11, 40, 60 post-treatment. Bones were cleaned 

from muscle tissue and fixed in 4% paraformaldehyde in a horizontal shaker with gentle agitation 

at 4 °C, overnight. Samples were then washed with Phosphate-buffered saline (PBS) three times 

and incubated for 4 days in 0.5 M ethylenediaminetetraacetic acid solution, pH 7.5, at 4 °C on a 

horizontal shaker with gentle agitation.  

 

Vibratome sectioning and immunofluorescence staining. Tibiae were embedded in 4% 

UltraPure™ Agarose and sectioned in slices of 300 µm of thickness with a Leica VT1000S 

vibratome. Sections were incubated in staining solution (10% dimethyl sulfoxide, 0.5% IgePal630, 

10% normal goat serum, in PBS) for 24 hours, followed by incubation with anti-mouse CD45 PE-

conjugated antibody (1:50 in 200 µl of staining solution) and with 4′,6-diamidino-2-phenylindole 

(DAPI, 1:200 in 200 µl of staining solution) overnight. Sections were then washed in PBS for 24 

hours (with several PBS changes) and analyzed at the multiphoton microscope. Stained sections 

were fixed for 1h with 4% paraformaldehyde at room temperature and then stored in PBS in the 

dark at 4 °C. 
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3D image acquisition. Slices previously stained were acquired by non-linear multiphoton 

microscopy. A custom-made multiphoton microscope with three different titanium-sapphire lasers 

and two optical parametric oscillators (yielding a tunable range of excitation wavelengths between 

800 and 1300 nm) was employed (LaVision BioTec) (15). Multi-spectral detection of 3D stacks 

was performed using up to five photomultipliers and three excitation wavelengths in consecutive 

scans, to separate the following excitation and emission channels: third harmonic generation 

(THG, 1280 nm; 450/60 nm); phycoeritrin (PE, 1090 nm; 595/40 nm), second harmonic generation 

(SHG, 1090 nm; 525/50 nm), DAPI (1090 nm; 387/15 nm). A long-working distance ×16 numerical 

aperture 0.8 water objective (Olympus) was used. The three-dimensional (3D) stacks acquired 

were characterized by the same constant physical spatial resolutions of 625 x 625 μm (1064 x 

1064 px) and penetration depth of 5 μm step-size, reaching up to maximum 200 μm. Images from 

individual 3D stacks were reconstructed and analyzed using NIH Image J. Adjacent 3D scan 

fields, each representing z-projections, were stitched to generate large-field overviews. Radiation 

damage-induced events and adipocytes were counted manually.  

 

Flow Cytometry. Single-cell suspensions were generated by mechanical disruption of mouse 

bone marrow in PBS supplemented with 2% fetal bovine serum (FBS). For peripheral blood 

analysis, red blood cells were lysed as described above. Nonspecific antibody binding was 

blocked by incubation with 20 µg/ml rat IgG (Sigma) for 10 min. Cells were incubated with primary 

antibodies overnight, then washed in PBS and resuspended in PBS containing 2µg/ml DAPI to 

assess viability where indicated, otherwise PBS containing 2% FBS was used. The antibodies 

used in this study are listed in Supplemental Table 1. Lineage-negative cells were defined by lack 

of expression of Gr-1, TER-119, CD4, CD8, B220 and CD11b. Stained cells were quantified using 

a BD Fortessa analyzer (Becton Dickinson). FlowJo software (Becton Dickinson) was used to 

generate flow cytometry plots and calculate percentages.  
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Retro-orbital bleeding and blood analysis. Prior to blood collection, mice were anesthetized 

using 3-4% isoflurane. When the mouse was fully asleep, a heparinized capillary tube was 

inserted into the medial canthus of the eye to puncture the tissue and enter in the sinus. Once the 

required volume of blood was collected (~100 μl in a tube with 10μl ethylenediaminetetraacetic 

acid solution) the capillary tube was removed, and the bleeding stopped by applying a gentle 

pressure with a gauze sponge. The blood collected was then diluted 1:10 in PBS and analyzed 

for leukocyte counts and blood parameters on an ABX Micros 60 hematology analyzer or by flow 

cytometry. For analysis of hematological parameters in bone marrow samples, bone marrow was 

collected by flushing it in 1 ml of PBS and analyzed on the ABX Micros 60 hematology analyzer.   

 

Quantification of radio-emission in bone and bone marrow. Mice were euthanized and bones 

(tibia, femur, humerus, calvaria, vertebra) removed at day 0, 4, 11 or 40 post-treatment. The 

emission of radiation was measured with a Geiger counter in intact bones and, at day 4, in intact 

bones and calcified matrix or bone marrow after flushing. The bone marrow was flushed into 2 ml 

tubes by injection of 1.8 ml of PBS + 2% FBS (450 µl, 4 times, inverting the bone each time) using 

a syringe with a 27G needle. The whole bone marrow was flushed out from the bone cavity and 

no material was lost during the processing. The radioactivity of the calcified bone and the flushed 

bone marrow was measured with a Geiger counter. 
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Supplemental Table 1. List of antibodies used in flow cytometry 

Antigen Conjugate Clone Dilution Manufacturer Catalog # 

CD4 APC-Cy7 RM4-5 1:500 Biolegend 100526 

CD8a APC-Cy7 53-6.7 1:500 Biolegend 100714 

CD11b APC-Cy7 M1/70 1:500 Biolegend 101226 

Gr-1 (Ly-
6C/6G) APC-Cy7 RB6-8C5 1:500 Biolegend 108424 

CD45R (B220) APC-Cy7 RA3-6B2 1:500 Biolegend 103224 

Ly-6C APC-Cy7 HK1.4 1:300 Biolegend 128026 

Ter-119 APC-Cy7 Ter-119 1:400 BD 560509 

CD135 PE A2F10.1 1:100 BD 553842 

CD71 PE RI7217 1:400 Biolegend 113808 

CD11b PE M1/70 1:100 BD 553311 

CD117 APC 2B8 1:400 Biolegend 105812 

Sca1 (Ly-6A/E) PE-Cy7 D7 1:400 Biolegend 108114 

CD45 PE-Cy7 30-F11 1:400 Biolegend 103114 

CD4 PE-Cy7 GK1.5 1:200 Biolegend 100422 

CD8a PE-Cy7 53-6.7 1:200 BD 552877 

CD150 AlexaFluor488 
TC15-
12F12.2 1:200 Biolegend 115916 

Cd34 FITC RAM34 1:200 eBioscience 
11-0341-
82 

Cd71 FITC R17217 1:200 Biolegend 113806 

CD48 Pac blue HM48-1 1:200 Biolegend 103418 

FcgR 
(Cd16/32) eFluor450 93 1:200 eBioscience 

48-0161-
82 

CD45R (B220) Pac blue RA3-6B2 1:200 BD 558108 

Ly-6G BV605 1A8 1:300 Biolegend 127639 
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Supplemental Figures 

 

Supplemental Figure 1. Topological changes within the bone marrow cavity, details. (A-E) 
Immunofluorescence analysis of 300 µm-thick slices of tibiae retrieved from mice before (A) and 
4 (B), 11 (C), 40 (D) and 60 (D) days post-223Ra treatment. CD45+ cells, PE, red; adipocytes, third 
harmonic generation (THG), yellow; bone, second harmonic generation (SHG), gray; nuclei, 
DAPI, blue. Scale bar, 100 µm. 
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Supplemental Figure 2. 223Ra induces topological changes within the bone marrow cavity, H&E 
staining of tibiae at day 0, 11 and 60 post-223Ra treatment. Details of the epiphysis and 
diaphysis of each bone are shown. Scale bar, 500 µm. 
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Supplemental Figure 3. Gating strategies for mouse BM. (A) Flow cytometry plots showing 
sequential gating for stem (A), progenitor (B), mature myeloid (C) and erythroid (D) cells. All 
panels were initially gated based on physical parameters (FSC/SSC), single cells (SSC-Area vs 
-Height) and live cells (DAPI-negative). (B) Representative flow cytometry plots illustrating the 
effects of 223Ra administration on bone marrow leukocytes (by CD45 staining), stem/progenitor 
cells (by LSK staining), mature B cell (B220) and erythroid (Ter119/CD71) populations before or 
after 4, 11 and 40 days from treatment.  
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Supplemental Figure 4. 223Ra causes a significant but transient myelotoxicity. (A) Absolute 
number of bone marrow leukocytes at baseline and after 4, 11 and 40 days from 223Ra treatment. 
(B) Absolute number of bone marrow HSPCs (based on LSK, MPP4 or HSC markers). (C) 
Absolute number of bone marrow early progenitor cells (based on LK, GMP, CMP, MEP markers). 
(D) Absolute number of mature bone marrow cells, based on B, T, Myeloid and Erythroid markers. 
(E) Absolute number of bone marrow erythroid cells at different stages of maturation; n=3-4 
mice/group; one representative experiment is shown; the experiment was repeated twice. 
*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA followed by Tukey’s HSD post-hoc test.     
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Supplemental Figure 5. scRNA-seq analysis of mouse bone marrow upon 223Ra treatment. 
UMAP plot from the unsupervised clustering of differentially expressed genes in each cluster 
relative to other clusters with a resolution of 0.8, which resolved 26 individual clusters.  
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Supplemental Figure 6. scRNA-seq analysis of mouse bone marrow upon 223Ra treatment. 
Heatmap showing the expression of 86 selected genes associated to distinct cell clusters based 
on literature findings. Based on common branching, the clusters were collapsed to 16 individual 
populations (Fig 4B).  
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Supplemental Figure 7. scRNA-seq analysis of mouse bone marrow upon 223Ra treatment.  
Feature plots for marker genes of stem/progenitor early populations or populations primed 
towards the myeloid, lymphoid and MK-erythroid lineage. 
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Supplemental Figure 8. Differentially expressed genes in stem cells and early progenitors. The 
total number of differentially expressed genes in mice treated with 223Ra at day 4, 11 and 40 post-
treatment versus untreated (d0) is shown.  

 


